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1.0 AB S TRACT
A High 'Torque Rotary Actuator was designed, fabricated and
tested under this contract. Exacting requirements were placed,
on performance and physical characteristics of the actuator,
particularly in the area of stiffness, backlash, torque ripple,
power and size and weight.
A brushless d.c. motor was designed utilizing rare earth
magnets to meet power and weight requirements. 	 A 26-to-1
planetary roller gear transmission was selected to best meet
e
overall requirements. 	 The transmission utilizes parallel gear
and roller paths to minimize backlash and breakaway torque.
The physical characteristics and performance of the ac-
_. tuatorland electronics appear in Figure 3.6 of the Summary.
All major technical objectives as defined by NASA Goddard have
a
been met.
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	 This report summarizes the work performed on contract
NAS5-20298, High Torque CMG Rotary Actuator. The contract
1	 included the design, fabrication and performance testing of
f
	
a,400 ft-lb actuator consisting of a brushless d.c. motor
coupled to a roller gear transmission. The motor is driven
1	 by an electronic power amplifier with current feedback.
I	 I The 18-pole brushless d.c. motor is designed for minimum
power, inertia and low ripple torque. The motor drives the
sun gear of a three-stage planetary transmission with a total
gear reduction of 26-to-1. The transmission is designed for
high stiffness and low breakaway torque. A planetary roller
drive parallels the gears and will absorb 1/4 full load. The
rollers minimize the effect of backlash and add stiffness to
the drive.
3.0	 SUMMARY
The objectives of this program, to design, build, and
.test a high torque rotary actuator having significantly im-
proved performance characteristics, have been met.
	 The new
actuator achieves a stiffness which is at least four_imes
that of similar drive units.
	 Backlash is not evident due to
the use of a parallel roller drive so that the torque-deflection
I
_. loop is pure hysteresis.	 overall nonlinearity of torque output
to commanded input is less thar 5/o and power is below 220 watts
under rated torque and speed conditions.
	 The above performance
has been achieved with low inertia and in a relatively small package.
The major components of the actuator are shown in Figure 3.1.
The motor stator is assembled in the housing and appears at the
i
center of the picture.	 The motor rotor appears at the left.
The transmission consists of the ring gear (to the right of
the motor housing), four second planets and rollers (in front
of and to the right and left of housing), four first planets
(_in foreground), the sun gear (foreground, center), and two
ring rollers (left and right hand side).
The transmissionelements are shown in greater detail in
in
Figure; 3.2,
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The assembled motor appears in Figure 3.3 with the cover
and sensor to the ri ht of the picture.
The assembled transmission is shown in Figure 3.4.
	
The	 r
central sun gear is coupled to the motor. rotor,
	
The four first'
largerplanets surround the sun gear and have no bearings. 	 The P	 g	 g
second planets are mounted to the frame through duplex bearings.
The ring gear is supported on the second planets and is the 
output	 ear.	 The large ring roller is fastened to the ringp	 g	 g	 ^	 g
gear and applies a radial load to all central gears and rollers.
The electronic package to drive the motor is shown in
Figure 3.5 without its cover.	 The electronics is configurfed
.: to mount in a volume surrounding the actuator if desired., i
Figure 3.6 summarizes the physical and performance char- g	  Y_ _ _	 p
acteristics of the High Torque CMG Rotary Actuator.
Improvements in the actuator particularly in the area of
v y^ight and friction could be obtained on a subsequent design.
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FIGURE 3.3
BRUSNLESS D.C.  MOTOR ASSEMBLY
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FIGURE 3.4
ROLLER-GEAR TRANSMISSION
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I	 HIGH TORQUE ROTARY ACTUATOR
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SUMMARY OF RESULTS
Requirement
Physical Characteristics
Length - inches (meters)	 5 (.127)
Diameter less flanges -
inches (meters)
Weight pounds (Newtons)
Performance
10 (.254)
38.5 (171.2)
Actual
4.95 (.126)
9.6 (.244)
42.2 # (187)
first unit
38.1 (159) sub-
sequent units
Peak output torque	 500 (678)	 500 (678)"
u
	 ft-l.bs (Nm)
Rated output torque - 400 (542) 400 (542)
f t- lbs. (Nm)
Rated speed - RPM l l
,. ,__wiax. power at rated load ? 50 216
. and speed - watts
Static output' stiffness* - 1 x 106
106 )
Rollers
.72-.68x106°ft-lbs/rad	 /rad)(Nm (1.356 x
,. (.98)-(.92)x106
Gears
.74-.74x106
(1. 00 )-(1. o0)xlO6
Breakaway friction 1 _.4 to 2.5
percent of rated torque
Backlash &hysteresis* 5 2.9 - 4.7(< 100 ft-lbs) -sec
Backlash & hysteresis* 60 58 - 107
x (400 ft-lbs) -"sec
First value measured At input; second value measured at output.
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(Cont.)
Requirement, Actual.
Torque ripple up to 50 8 5.9 up to 260
ft-lbs (67.8 Nm) - percent ft-lbs (352 Nm)
peak to peak
Torque ripple at rated load - 12 9.3
percent
Inertia at output - ft,-lb-sec 2 4.68 (635) 4.0 (5,43)
(kgm2)
Torque to backdr ive - f t- lbs 10.1	 (13.7) <10 (13.6)
(Nm)AM
.  Linearity output torque to +5 +4
input - percent
Predicted reliability - 98.5 98.5
percent for 2 years
Mechanical_
Runout - inches (meters) .0002 <'.0002
(5 x 10-6) 6(5 x10-)
Parallelism of mounting .0002 < .0002
surfaces - inches (meters) (5'x -6'10
	 ) -6 a(5 x 10
Perpendicularity ref output - 30 <30
c
Mounting flanges per sketch per sketch
Radial load - lbs (Newtons) 2250 (.10000) X220 (10000)
Moment - ft-lb,s (Nm) 1475 (2000) >1475 * (2000)
3-9 ''
Ark
fi
' FIGURE 3.6
(Cont.)
• dw
Requirement Actual
Electrical
i
Input voltage - d * c. 28 28A
rc
Input control - volts d.c. +10 ±10 r
Interface connections 4 4
i
Electrical time constant - .0017 .0017
sec
Sliding contacts none note
j
Electrical hysteresis - my +10 +2
i
3;
i'
i
1
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A total of 4.1 lbs (18.2 N) was added to insure accurate cutting
of gears in first unit.
* Must be checked in &ssembled gimbal.
t
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4.0 MOTOR DES T4GN
Requirements
The transmission, ratio was chosen as 26-to-1 to provide
the best balance between minimum actuator inertia and motor
power and weight. The requirements for the motor design are
tabulated in Figure 4.1.
IFIGURE 4..1
BRUSHLESS DC MOTOR DESIGN REQUIREMENTS
Weight- <15 lbs
	 (66.5 N)
Max. diameter- 9.6 inches	 (.244 m)
Max. length- 2.2 inches	 (.0558 m)
zI Max. rotor inertia-
2
.0069 ft-lb-sec
	 (.00935 kgm )
Peak torque- 19.23 ft-lbs	 (26.1 Nm)
Rated torque- 15.385 ft-lbs	 (20.9 Nm)
.^ Rated speed-p 26 RPM
Max. power (at rated speed
and torque)- 250 watts
Breakaway	 riction-y .5% of rated torqueq
Max. torque ripple (P-P)- 8% at 50 ft- lbs 	12% at 400 ft-lbs
Linearity- +5%
t In put	 ower-P	 P 28 volts d.c.
Electrical time constant .0017 sec
i
Selection of number of poles
These requirements indicate that the motor must have a larger
i number of poles than were used in earlier designs...	 Three different
pole configurations were considered: 	 24, 22, and 18
	
The 24-
leaves_pole machine	 only onem possibility for the choice of number
t of slots per pole per phase with a symmetrical fractional shot.
4-1
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winding and a practical number of slots for the motor diameter
chosen. In the 22- and 18-pole configurations, there are a
large number of possible symmetrical fractional slot winding
arrangements which permit the selection of a suitable number
of slots per pole and phase which will provide the most desirable
suppression of harmonics in the airgap flux density distribution
and consequently a low ripple torque. The 18-pole machine was
chosen for the following reasons:
•	 acceptable ratio of slot depth to width
a single gear mesh can be used to couple the two-
pole sensor	
n
,E
•	 C•T i
1y
•	 the motor inertia andq	 "power requirements can be met• 	 i4
if
Rotor design
fs Limitations on power, inertia', weight and physical dimensions
dictated that the linear current density of the "sheet" of
ampere conductors at the gap should be 400 RM5 amperes per
centimeter of •rotor, circumference.	 The possible peak torque is
25% higher.	 The rated value of 400 amps/cm is about 30 to
40 percent higher than that used in prior brushless d.c. motor
designs.
In order to assure that demagnetization of the rotor magnets
will not occur with transient current peaks, it was decided to
use samarium cobalt magnets. 	 These magnets exhibit a coercive
w
..
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force which is approximately five times larger than that of
alnico-9 magnets and have a recoil-permeability very close
to unity providing an almost straight line demagnetization
characteristics. The samarium cobalt magnets are rectangular
blocks mounted in alternate succession with iron pole pieces.
These are mounted on the rim of a titanium hub such that the
rotor flux emanates radially towards the stator predominantly
from the .iron sections. The length ratio of magnets and .iron
pole pieces is chosen such that the flux distribution around the
rotor within the airgap contains only a small percentage of
third harmonic (about 4%) which is essential to achieving low
ripple torque.
Through detailed calculation of ripple torque udder various
load conditions, it was found that a slot at the center line
of each iron pole piece was advantageous. This slot increased
the reluctance within the path of the flux which is produced
in quadrature to the rotor flux by the armature field. Distor-
tions of the airgap flux distribution are reduced and the ripple
torque amplitude; can be minimized. The slot also reduces the
peak value of argap flux density under load and prevents tooth,
saturation within the stator punchings6 Linearity is then im-
prove
tj:
d at high torque levels when low hysteresis punching
material is used. A slot of .030 inch wide (.000764 m) by
t0.
.070 inch deep (.00178 m) is provided. See Figure 4.2. Thi8
slot also reduces the overall rotor inertia. The airgap diameter
of the rotor is 6.600 inches (.1678 m) with an active axial
length of 1.170 inches (.0298 m). The 18 samarium cobalt
magnets are .444" x .413" x 1.170" (.0113 x .0105 x .0298 m)
-.	 and are magnetized along the first dimension.
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FIGURE 4.2
ROTOR CROSS SECTION
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Stator design
The major problem in designing the stator punchings and
windings is that of defining the total number of slots such
that harmonics in the airgap flux will be cancelled sufficiently
to achieve low ripple torque under all load conditions. Through
various calculations of winding d.stribution factors, it was
found that the number of 2 4/9 slots per pole per phase (or
4 8/9 slots per pole) combined with a winding pitch of four
slots would be most suitable for harmonic suppression. This
gives a stator with 88 slots having at acceptable slot depth
to width ratio.
An airgap of .050 inch (.00127 m) was chosen and can be
tolerated in the case of samarium cobalt magnets due to their
large coercive force. The larger airgap has the advantage of
reducing the effects of armature reaction and also contributes
to a reduction of the overall winding inductance.
The outside diameter of the stator is determined principally
by three factors:
• a slot crass section which is necessary to reduce
copper losses to meet the power specifications
•_ an acceptable maximum flux density within the teeth of
the stator
I
i
ffi^
A
U
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• an acceptable flux density in the yoke or flux return
path of the s tator. Mechanical strength may be limiting
in machines with a large number of poles.
A slot cross section of .141 inch2
 (.000091 m2 ) was used
based on a slot utilization of 45% (percent of bare copper wire
to slot cross section).
Maximum tooth flux density at zero load conditions was
	 }
12,200 gauss which will permit use of either silicon iron or
low hysteresis material. The mean slot width is .154 inch
(.00392 m) and mean depth is .915 inch (.0232 m). Flux density
in the yoke is 10,000 gauss giving a radial thickness of .25 inch
(.00635 m) and a stator diameter of 9.14 inch (.232 m).
The stator winding is a fractional slot winding with 22/9
slots per pole and phase having 704 turns per phase. There are
32 conductors in each slot, each conductor consisting of 12
wires of 27 AWC with HMS:, insulation. Calculated meat turn
length is 5.75 inch (.146 m).
The calculated peak value of the winding current for rated
output torque 15.38 ft-lbs (20.9 Nm) is 10.32 amps maximum in
each phase This gives a copper loss of 154 watts at 20 0C and
44WA
Hysteresis torque
The hysteresis torques for the two stator punching materials
considered are by vendor data;
• Nickel iron -- AL-4750 - THYS w .006 ft- lbs (.00814 Nm)
• Silicon iron	 Di-Max 15 - TES =: .058 ft-lbs (.0786 Nm)
The above values correspond to X039% and .38% of maximum rated
torque. These torques may be as high as 50% above the quoted
values. The AL-4750 material was chosen because of the 10-to- 1
improvement in hysteresis torques even though a 5% stator weight
penalty occurred.
Ripple torque analysis
With a flux den9ity distribution along the airgap and winding
currents sinusoidal and equal in magnitude, no 'ripple would appear
in the output torque except for minor reluctance torques caused
by slots. in the actual case, neither currents or flux density
is exactly sinusoidal.
A detailed analysis cort^erning ripple torques which result
from high "harmonics in the flux density distribution in the gap
was made under the assumption that the two-pole sensor rotor
produced ideally sinusoidal voltages and that the electronics
produced undistorted currents. Since it is not possible to obtain
a sinusoidally varying flux distribution from multiple permanent
e
i
a1
magnets interspaced with iron pole pieces, methods mast be used
to reduce its effect
The general approach is to make the ratio between magnet
and pole piece lengths such that the major harmonics contributing
to the ripple torque (the third. and/or the fifth) are reduced
to an acceptable minimum. This reduction is then further en-
hanced through suitable winding distribution factors
In rotors using alnico 8 or 9 magnets, which both exhibit
an appreciable amount of limb-leakage flux passing through the
airgap , the magnet lengths must be chosen about twice that of
the iron section. This arrangement yields in essence a trapezoidal
flux distribution wave of least harmonic content. In rotors where
rare earth magnets are used, the ratio of magnet to ..iron 'length
must be inverted with the magnets occupying about one-third of
a pole pitch at the rotor circumference. Thi s ratio results
from the fact that the limb leakage of magnets with recoil
permeabilities close to unity is quite small and thus a trapezoidal
wave shape of the preferred type cannot be achieved. The ratio
of magnet to iron of one-third using samarium cobalt magnetsi	 -
results theoretically in a quasi-square wave having periods of
zero flux magnitude-which occupy one-third of a wave length.
This wave does not contain harmonics divisible by three. However,
some limb leakage does occur since recoil permeability is slightly
C
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larger than unit and the flux distribution is not a perfectlyY	 ,
stepped square wave. For this reason it was necessary to deviate
from the ideal ratio to obtain a flux distribution exhibiting a
small percentage of third harmonic. To obtain data on the flux
distribution to be expected using samarium cobalt magnets, the
following experiment was made:
A samarium cobalt magnet was placed between two iron pole
pieces with an iron bar mounted at a constant distance above
the surface of magnet and pole pieces simulating the motor rotor
and airgap. The flux density in the gap was measured as a
function of position by a Hall generator which was moved from
end to end along the airgap. This experiment verified the
existence of limb-leakage and also disclosed the spreading of
flux limes at the ends of the iron pieces at the dividing lines
between iron and magnet. Refer to Figure 4.3. Careful study
of results obtained indicated that the length of rotor magnets
should be 38.5% of a pole pitch (rather than the ideal value of
33.3%).
The rotor was designed on the basis of these experimental
Aux results with its flu distribution wave shape containing a
theoretically computed third harmonic component of +3.76% and
a fifth harmonic of -13.9%. For the windings as chosen, the
winding distribuuion factors are +.85707 fcr the first
harmonic, +.18362 for the third harmonic, and -.02111 for
4-9
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the fifth harmonic. The influence of the third and fifth harmonic
as seen by the conductors of the winding as a total is only .8%
and .34%, respectively. Similar reductions occur at higher
harmonics.
Both third and fifth harmonics cause a fourth harm --iic
ripple torque while the seventh and ninth harmonic result in
an eighth harmonic torque. If the products of harmonic amplitudes
and their corresponding winding distribution factors have the
same sign, a partial cancellation occurs, since the difference
between these products defines the magnitude of their corre -
sponding ripple torque contributions. Therefore, the fourth'
harmonic ripple torque amounts to only about .92% peak to peak.
The above considerations apply to small values of winding currents
where no significant distortion of the flux distribution in the
airgap occurs through the armature field.
At large armature currents, the distortion of the B
distribution is appreciable and ripple torques are higher.
In order to predict the possible magnitude of these torques,
the resulting airgap flux density wave was calculated for the
torques up to the maximum nominal output torque. For a rotor
construction without slots, L'ipril6 torque were as follows;
,
4-11
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CALCULATED
RIPPLE TORQUE
PERCENT OF IN PERCENT
RATED PEAK-PEAK
TORQUE* (NO SLOT)
12.5 2.0
65.0 6.2
100.0	 9.3
RATED TORQUE IS 15.38 FT-LBS (20.9 Nm)
While the above ripple torque values are well within re-
quirements, additional sources of ripple torque in the sensor
or electronics may be present. Therefore, it is advisable to
employ methods which may serve to still further reduce at :!east
the ma J`or source of the remaining ripple torque. The predominant
torque excursion c are caused by the back action of the armature
field on the permanent magnet field of the rotor. This can be
v	 minimized by increasing the reluctance within the path of the
flux produced by the armature field without decreasing the
permeance of the main flux path. This is achieved by slots at
the radial centerlines of the pole pieces which reduces the
quadrature flux caused by the armature field which would normally
pass crosswise through the .iron pole piece3 of the rotor.
Ripple torque calculations at rated torque indicate
reduction from „9' .3% to 3.4% ,, peak to peak by use of slots
raft
4-12
Further analysis indicates that ripple is essentially linear
with load from a small load ripple of 1.2% to the full load
value of 3.4%. These values are sufficiently low so that we
can have reasonable confidence in meeting an overall require-
ment of 8 to 12.5 percent.
A summary of the motor design characteristics appears
in Figure 4.4
i	
i
FIGURE 4.4
MOTOR DESIGN CHARACTERISTICS
1
NUMBER OF POLES- 18
RATED TORQUE- 15.385 ft-lbs (20.9 Nm)
WINDING CURRENT- 10.322 amps (peak value)
7.3 amps (RMS value)
TORQUE CONSTANT- KT = 1.49 ft-lbs/amp (2.02 Nm/amp)
BACK EMF CONSTANT- KE = 2.02 volt-secs/radian (2.74 Nm/amp)
AIN WINDING RESISTANCE- Rw = 1.446 ohms at 200C
WINDING INDUCTANCE- LW = 12.5 millihenries
ROTOR INERTIA- J	 0.00636 ft-lb-sec t (.00861 kgm2)
MECHANICAL TIME
CONSTANT- i	 = 3.06 milliseconds at 20 0Cm
HYSTERESIS TORQUE- Thyst - 0.01 ft-lb (.0136 Nm)
WEIGHT- Wmot = 14.79 lbs (65.6 m)
MAXIMAL WINDING LOSS- Pcu	154.1 watts at 201C
k STATOR DIMENSIONS- OD = 9.140 inches (.232 m)
ID = 6.700 inches ( .170 m)
stuck length = 1.220 inches (.0310 m)`
length over end turns = 2.1 to 2.2 inchesa
(.0534 to .0560 m
ROTOR DIMENSIONS- ODt = 6.660 inches ( .1690 m) total
ODFe = 6.600 inches (.1678 m) active surface
Lrt = 1.250 inches (.0318 m) total
LrFe = 1.170 inches (.0298 m) active length
INSIDE DIAMETER4
INCLUDING HUB- IDh = 5.554 inches (.1411 m)
4-14
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FIGURE 4.4
(Cont.)
INSIDE DIAMETER OF
ACTIVE PARTS- IDFe = 5.754 inches (.1460 m)
THICKNESS OF WEB- tw = 0.150 inches (,00382 m)
CONSTRUCTION- 18 samarium cobalt magnets and iron pole
pieces
WINDING:
TWO-PHASE
SYMMETRICAL
FRACTIONAL SLOT t
WINDING- 22/9 slots per pole and phase
2 sets of 22 skeins of wire per phase
a
NUMBER OF SLOTS- 88
NUMBER OF TURNS
PER PHASE 704
NUMBER OF
CONDUCTORS PER
SLOT- 32
WINDING PITCH- 4
WIRE SIZE- 12 x no. 27 AWG with H'ML .insulation
TURNS PER SKEIN- 16 }
ih	 APPROXIMATE MEAN
TURIN LENGTH IN
INCHES- 5.75 (.146 m)
1
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5.0 TRANSMISSION DESIGN
	
Description and requirements
	
3
The transmission requirements as established to best meet`
those of the overall actuator are summarized in Figure 5.1.
A roller-gear transmission was selected since this type had
the potential to satisfy the very stringent and interrelated
requirements established, particularly in the area of weight,
size, backlash, inertia, and stiffness.
The transmission consists of a compact set of planetary
gears and parallel roller paths. The roller path is designed
to operate without slip up to 25 % rated torque. Above this
torque, the rollers will slip through the gear backlash (l min.
i
of arc.) and the gearing will transmit the remain ng torque.
The basic configuration of the transmission consists of
a central sun'gear (which is attached to the motor rotor).
This gear is surrounded by four equally spaced first planet
	 I
gears having two gears each. The first planet gears are floating
and have no bearings. The smaller gear of the first planet
meshes with four second planet gears which are restrained to
the actuator case by bearings. A ring gear surroundsrrounds the second
planet gears and is the output' gear. Each gear mesh has a roller
mesh at the`-pitch line. The rollers also act as radial and	 x
a^ 1s	 5 _l
1
1
FIGURE 5.1
TRANSMISSION REQUIREMENTS
r
1
I
i
Physical
Max. length
Max. diameter
Max. weight
Transmission ratio
Max. inertia at output
Performance
2.5 inches (,0635 m)
10.0 inches (.254 m)
12 pounds (53.3 N)
26 to 1
.07 ft-lb-sec t
 (.095 kgm2)
Rated torque 400 ft-lb (542 Nm)
Peak torque 500 ft-lb (678 Nm)
Rated output speed 1 'RPM
Static stiffness 1 X 106 ft-lb/rad (1.35 x 106 Nm/rad)
Max. backlash and hysteresis-
up to 25% of rated, torque 5 arc sec
above 25% of rated torque 60 arc sec
Mechanical
Max. radial.load 2250 lbs (10000 N)
Max. moment at output 1475 ft-lbs (2000 Nm)
Max. design contact stress-
gears 150,000 psi (1.03 x 106 N/m2 )
rollers 200,000 psi (1.37 x 106 N/m2)
tt I
FIGURE 5.1
(Cont.)#
s Design Environment 1
Survival temperature -400C to 700C
I Operating temperatureP	 g	 p 0C-200C to 60
Vibration 20g rms
flat 10-300 Hz
-3 db/octave
300-2000 Hz
Shock 50g - 11 ms
r
Design Reliability
.985 for 2 years (actuator)
Duty cycle 10% at rated speed and torque
90% at 12.5% of rated torque and
at rated speed +	
5
i
r
I
i
S
_T
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axial bearings.	 Pressure is maintained on all rollers through.
an interference fit of the ring roller.
	 There are three gear
reductions from motor to output, a 2-to-1 reduction from sun
gear to first planet, a 5-to-1 red,meta,on from first to second
planet, and a 2.6 reduction from second planet to ring gear
for an overall ratio of 26-to- 1. 	The active elements of the
•	
"pancake"	 ntransmission have a	
	 configuration; 9 .62" diameter
245 m	 and 2.55" long	 •(.	 )	  (.573 m).	 Torques are well.-distributed..
At the first mesh (sun to first planet) there are four gear
meshes and eight roller contacts.
	 At the second mesh (first
to second planet) there are 16 gear meshes and 16 roller con-
tacts.	 At the third mesh (second planet to ring) there are
eighteight	 ear meshes and	  roller contacts.
	 Thus the load is	 Ig	 g	 g
well-distributed.
to Basic dimensions j
.	
^
The basic dimensions of the gears and rollers of the trans-
k
mission are given in Figure 5.2.
	 Note that the second planet
AM
has two rollers, one which contacts the first planet (X 2 ) and	 III
one which contacts the ring roller (C).
	 There is only one gear
	 i
(C) which meshes with Yl of the first planet and with the ring
a
ear,	 The roller diameters have been adjusted for contact
^
deflection and operating pitch diameter of the ring gear, and
	 {{
therefore do not coincide with the gear pitch diameters.
11
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Critical stresses in the transmission are listed in
Figure 5.3.
	
The requirement for high stiffness results in low
r
bending stresses and low gear contact stresses. 	 The roller i
stresses are near the design limit since the rollers slip at
25% full load and overall weight must be minimized.
I
F I
I
Gear data
The
	 ear data is summarl,zed in 	 ears are Figure 5,4.
	
All
	 g	 	 g
rough cut, case hardened to a minimum of Rockwell C40 (KNOOP400),
and then finish ground to AGMA Quality 12-13.
	
Backlash is
j
designed as follows:
SUN - FIRST PLANET MESH-
	
.000134 radians
FIRST-SECOND PLANET MESH-
	
•.000387
SECOND PLANET-RING MESH- 	 .000385 radians
SINGLE PATH BACKLASH- .000906 radians 	 (3.12 arc. min.)
With the multiple gear contacts, 4-16-8, at the three meshes,
I at least a 4-to- 1 reduction should result from the multiple paths.
Therefore, a total backlash of .75 arc. min. is probable.
Bearnselection
r
The second planet bearings are preloaded pairs of angular
u
contact bearings.
	
Load per bearing under full torque is 200 pounds.
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FIRST PLANETS
SUN 2ND PL. 2ND
GEAR SUN MESH MESH PLANET _RING
PITCH DIA. .9172 1. 8344 .7143 3.5714 9.2857
NO. OF TEET^1 20 40 20 100 260 j' 1
DIAMETRAL PITCH 21.8.055 21.8055 28 28 28
^ BASE CIRCLE DIA. .8619 1.7238 .6712 3.3560 8.7257 a:
PRESS ANGLE 20 20 20 20 20
9j
f^
I
ADDENDUM .0550 .0368 .0375 .0287 .005
OUTSIDE DIA. 1.0272 1.9080 .785 7 3.6288 --,
1.0252 1.9060 .7837 3.6268
CIRCULAR TOOTH .0781 .0649 . 0556 .0556 --
THICKNESS .0776 06 4
_
.0551 .0551 i
CIRCUT.,AR. SPACE -- -- -- -- .0753
WIDTH .0763
ROOT DIA. .8234 1.7024 .6265 3.4838 -- L'
.8174 1.6982 .6205 - -3.4778
T.I.F. DIA. .870 1.765 .676 3.516 9.393
MINOR DIA, -- -- -- -- 9.2757
9.2797
MAJOR DIA. 9.4123
9.4063
MEASUREMENT 1.0378 1.9248 .7985 * 3.6575 * 9.2502*
OVER PINS (.07855) 1.0367 1.9235 .7973 3.6562 9.2528
i
r BACKLASH .OPERATING .0011 -	 .0021 .0011 ' -m .0025 .0011,-,0025
CONTACT RATIO 1.61 1.508
OPERATING PITCH DIA. 3.6026 9.3669
* * 06171 PIN DIAMETER
FIGURE 5.4
ROTAKZ ACTUATOR - GEAR- DATA
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An oversized bearing was selected, however, to minimize bearing
deflections. A MRC-7103 bearing, or equivalent, was chosen
with a .6603 inch bore and 1.378 inches outside diameter.
Ring roller and mount
The ring rollers provide the loading on all the other rollers
by a shrink fit of .006 inch (.000153 m) on the radius.
	
The
maximum stress level is 21,000 psi (144,000 N/m2 ) in the ring.
The ring rollers are mounted to the ring gear at six points by
screws and spaces which have greater stiffness in the tangential
direction than in the radial direction.	 This approach will provide
sufficient stiffness for the drive, but will allow the ring roller
to deflect radially relative to the ring gear so that uniform
pressure can be maintained on the roller assembly.	 The CMG
must be coupled to the ring gear without loading the ring roller.
Therefor:, the mounting surfaces and screws extend through clear-
ance holes in the web of the ring roller.
Stiffness
Torsional stiffness of the transmission is the most important
and challenging of a long list of exacting and interrelated re-
quirements. There are three stiffness conditions which must be
inve s t iRated
.1
1
I
I
r
r
I11
1. A torque level from 25% to 100% of full load where
the rollers have slipped but still carry load.
2. A torque level below 25% of full load with operation
within the gear backlash.
3. A torque level. below 25% of full load where both
gears and rollers are contributing to overall stiff-
ness.
In order to determine each of the above stiffness values,
the gear path stiffness and the roller path stiffness must be
determined. A number of.items in each calculation are common.
For the gear path stiffness the following compliance elements
are considered starting from the output.
CMG MOUNTING PAD - The deflection of the mounting pins
and the deflection of the ring gear web are the main
contributors.
RING GEAR TWIST - The load is transmitted through one of
two webs on the ring gear, the cylindricFl section-be-
tween the two gear faces will. twist about the centerline.
• TOOTH CONTACT DEFLECTION (RING GEAR MESH) The tangential
deflection of this mesh due to bending of the teeth is
determined f 6m ; past experience.
5-10
e TOOTH CONTACT DEFLECTION (RING GEAR MESH-RADIAL) - Torque
loading exerts a radial pressure which separates the teeth
and causes torsional compliance.
• GEAR RIM COMPRESSION (SECOND PLANET) - The radial forces
between contacts causes the second planet gear to deflect
thus "opening up the mesh" and reducing stiffness.
• TOOTH CONTACT DEFLECTION (PLANET MESH) - Tangential
deflection of the first and second planet mesh due to
bending of the teeth.
9 BEARING DEFLECTION - Radial deflection in the preload
pair of bearings for the second planet causes compliance
of the second planet axis.
• BEARING POST BENDING - The bearing shaft (second planet)
bends and produces compliance similar to that caused by
bearings above.
l
• POST DEFLECTION IN PLATE - Deflection of the second
planet due to compliance in the housing at the bearing
post.	 ,
• FIRST PLANET GEAR BODY TWIST - This is the twist in
the gear disk of the input gear.
• SUN-PLANET TOOTH CONTACT DEFLECTION - Tangential de-
flection of this mesh due to bending of teeth.
• INPUT SHAFT AND ROTOR TWIST - This is the twist of the
input waft between gaar and motor rotor plus twist in
the rotor web.
• FRAME TWIST —Twist between the four mounting posts for
the second planets and the mounting flange for the ac-
tuator.
The calculated deflection under full load of each of the
above items is tabulated in Figure'5.5. These deflections are
referred to the output of the transmission. The starred items
are common to the roller path as well, and will be used in this
calculation.
The tangential deflection of the roller contacts is cal-
culated on the basis of data from Stress, Strain and Strength
by R. C. iuvinall,^page 383, Figure 18.15 The roller stiffness
i
data is given in Figure 5.6. f.f.
II
I
{f
f FIGURE 5.5
f
TRANSMISSION STIFFNESS !`
z
DEFLECTION AT ?"
FULL LOAD #'
OF OUTPUT
ITEM IN MICRORADIANS
CMG MOUNTING PAD 4.5
RING GEAR TWIST 1.2p	 ^ i
TOOTH. CONTACT DEFLECTION (RING GEAR MESH) 89.0
lit
TOOTH CONTACT DEFLECTION (RING GEAR—RADIAL) 14.4
;k
GEAR RIM COMPRESSION (SECOND PLANET) 6.0
L TOOTH CONTACT DEFLE ^:TION (PLANET MESH) 66.2 f
BEARING DEFi,ECTIOr( 86.5
BEARING POST BENDING "10.7
POST DEFLECTION IN PLATE 6 . 0
FIRST PLANET TWIST 6.8
FIST PLANET GEAR BODY TWIST 3.9
TOOTH CONTACT DEFLECTION (SUN--PLANET MESH) 30.5
INPUT SHAFT AND ROTOR,, TWIST 33.9
FRAME 741ST 0 .6 ^ a
TOTAL	 360.2
STIFFNESS-
	
1.110 x 106 f -lbs/rA"d, (1.51 x 106 Nm/rad)
k
TOTAL OF STARRED ITEMS—	 154,1
ASKINS 5-13
Alpi
i
FIGURE 5.6
II
ROLLER STIFFNESS
DEFLECTION AT
FULL LOAD
OF OUTPUT
ITEM IN MICRORADIANS
ITEMS COMMON TO ROLLERS AND GEARS 154.1
RING-PLANET CONTACT 28.8
Alm
FIRST AND SECOND PLANET CONTACT 40.0
SUN-FIRST PLANET CONTACT 17.6
TOTAL	 240.5
STIFFNESS-	 1.663...x 106 ft-lbs/rad (2.26 x 106 Nm/rad)
r
i
5-14
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Having both gear path and roller path stiffness, we may
now determine the stiffness of the actuator for the three cases
listed earlier.
CASE 1- 25% to 100% of full torque with rollers and gears
carrying load
LOAD STIFFNESS
IL 25%q -	 2.77 x 106 ft-lbs/rad (3.75 x 106 Nm/rad)
50% -	 1.58 x 106 ft-lbs/rad (2.14 x 106 Nm/rid)
100% -	 1.31 x 106 ft-lbs/rad (1.77 x 106 Nm/rad)
CASE 2- Torque level 25% or below with operation within gear
backlash
Stiffness is that of rollers only and is 1.66 x 10 6 ft-lbs/rad
(2.26 x 106 Nm/rad).
1	
_
CASE 3- Torque level below 25% with both gears and rollers con-
tributing to overall -stiffness
The stiffness is a combination of the two parallel paths and
4
is 2.77 x 106 ft-lbs/rad (3.76 x 10 6 Nm/rad).
till
5-15
1i
4
^E
+i
i
J
.a
a4
I
	
	 '
t
6.0
	
ELECTRONICS
The Electronics is similar in design to that used to drive
brushlesa d.c.	 basic
	 discreteother	 motors.	 The	 circuits in
form were developed on 'NASA contracts (NAS8-20591, 25085, 26213).
The pulse width modulator, power bridge and predrivers are hybrid
M
f
circuits.
The electronics circuits are shown in drawings 123D5137
and 185F556.	 The electronics block diagram appears in Figure 6.1.g	 PP	 g
Average gain of the current loop is 256 amps/volt and the sensor
r^
has again of 8 volts input per 65 millivolts zero to peak intog	
_ P	 P	 P
the amplifier.	 The overall gain is 2.08 amps/volt (current in
motor per volt input signal). 	 With the motor torque constant
f!tR of 1.61 ft-lb5 am	 2.18 Nm am	 the torque gain is 3 3	 ft-lbs/	 P t	 /	 P)^
	
q	 g	 ^	 4	 /
volt (4.54 Nm/volt) of input signal.
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7.4	 ACTUATOR DESIGN
The three major components of the actuator -- the motor,
r
electronics and transmission -- are d tscuviAa °` in separate sections.
The actuator design is essentially the integration of these com-
ponents.	 The mounting of motor and transmission is accomplished
by the design of a housing with 	 stiff central member between 	 }
i'
the two components. 	 The housing, which must be titanium for
stiffness and minimum weight, supports the motor stator on one
	
:.j'1
side of central member and the second planets and sun gear shaft
	 f
f
i
on the other side.	 Stiffness of the second planet shafts and 	 ,f
shaft support is critical.
	
The central disk of the housing ex- 	 ^F
s^
tends radially outward to the designated actuator mounting surface, 	 j
:i
L ,.The ring gear provides the output axis mount. 	 Since the
4
f
ring rollers must have high tangential stiffness but low radial
stiffness, the ring roller must "float" relative to the output
axis mount.	 The mount surfaces must then extend through the
^
ring roller without making contact. 	 The mounting pads then
consist of two ring segments with four pins extending throughAwl
clearance hales in'the ring roller.	 A total of ten 5/16 -24 THD
screws are used to tie the actuator output to the CMG gimbal.
The sensor for motor commutation is a two-pole alnico 6
disk diametrically magnetized.	 Two Hall elements to measure
7-1
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the magnetic field are placed 90 0 apart in the airgap. The sensor
shaft is geared up 9-to-1 to provide commutation for the 18-pole
motor.	 Each Hall element output is coupled to a current am-
pl if ier to drive the motor windings. 	 The Hall current is con-
ttolled by the input signal.
The motor is coupled to the transmission through the sun
gear shaft.	 This shaft is supported at the transmission end
Awk
by the first planets and at the motor by a 103 bearing in the
housing.	 The sun gear shaft must be short to minimize torsional
twist.
The calculated weights of the actuator unit nr,. A tabulated
in Figure 7.1.	 In fabrication it v.7a.s decided to stiffen the
ring ge^^r to give an improved probability of holding gear
tolerances.	 This added 1.67 pounds (7.4 N) to the estimated
weight.	 In addition, the second planet cross section was in-
r
creased to add stiffness to the U-shaped cross section in the
radial direction.
	
This was done since the validity of the
calculated value was questioned.	 This added .b pound to each
of the four planets. 	 Thus a total of 4.07 pounds (18 N) was
added to the total weight tc,increase stiffness and increase
the likelihood of success.	 A subsequent design could probably
4 reduce the weight by more than these four pounds (17.8 N).
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The inertia of the rotating elements is listed in Figure 7.2.
The total inertia is principally that of the rotor (98%) .
	
The
rotor inertia was measured .00587 ft-lb-sec2 (.00795 kgm2 ), which
makes the overall inertia at the output 4.15 ft-lb-sec 2 (5.64 kgm2)
or 88.4% of the maximum allowable value.
The mounting surfaces and hole spacing are in accordance
4
with sketch "400 ft-lb Actuator Outline and Mounting" dated
11-1-72.	 The distance between mounting surface 1.685 inches
k
(.0428 m) must be maintained when mounted in the CMG gimbal.
The duplex pair of gimbal bearings on the opposite side of the
gimbal will maintain this dimension within +.005 inch (. 000127 m)
to prevent contact between the side of the gees and roller.
Pictures of the actuator are included in the Summary --
Section 3.0.
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8.0 RELIABILITY ANALYSIS
A reliability model was developed and used in estimating
reliability for a two-year period. This model is bused on CMG
work performed over a period of several years, including life
tests of critical CMG components.
Failure rates for electronic parts were obtained principally
from RADC Reliability Notebook TR67-108 and assume high re-
liability burned-in parts operating at low stress 1=Bvels. For
the hybrid and monolithic integrated circuits, a failure rate
model developed by GE/AICSD was used. This model uses the
Arrhenius Relation and the environmental use factors in a model
reflecting a compo^,,, i'^w„of in-house, field, and vendor experience.
Failure rates for mechanical and electromechanical components
are not as well documented and have been obtained from various
General Electric, General Dynamics, and Martin reports. Because
of the stiffness requirements imposed by the assign and the
type of duty cycle, a light duty condition is used.
Results of failure analysis on space systems of the late
1960°s indicate that a'sgn ificant percent of the failures are
t:
r@
a
due to design defects (up to 50%) and that these can be cor-
rected with sufficient test and redesign effort. Since most
flyable systems have restrictive funding limitations, the reliabil-
ity data reflects many design failures which could have been cor-«
rected. However, the reliability figures do indicate a design
G
sophistication beyond the present development model.
if
The rotary actuator model consists of three elements; the
a
electronics, the motor, and the transmission. Figure 8. 1
 
gives
the failure rates per million hours for each element.
	 `.
f
The reliability diagram is shown in Figure 8,2. Redundant
	
f
electronics must 'be used to reduce the failure rate of the weak-
est link. The four parallel paths of the planet gears are in-
dicated.
The overall failure rates are shown for each major element j
in the summary chart of Figure 8.3. Stand -by electronics ar..e{iJ
required to obtain a failure; rate of	 .078 for the electronics. ^}	 `
In, the transmission	 it is assumed that 2 of the 4 paths must
be operating, and this results in a transmission failure rate
of .470.	 The overall failure rate for the two-year period ^.
is R = -.9852, which meets the required value of .985.
1-	 9.
FIGURE 8.1
FAILURE RATES PER MILLION HOURS
ELECTRONICS „ A T = 2.885
2 Hall Probes at .100
2 LM 107 at .06064
7 LM 108A. at .05443
1 NH 002 at 06644
4 Hybrid Predrivers at .06917
2 Hybrid PWM at .08543
2 Hybrid Power Amps at .2083
8 2N3720 at .04133
4 2N2432 at .01767
4 2N2925 at .02245
29 Capacitors at .00474
71 Resistors at .00355
4 2ener Diodes at .04008
Connections
ti
.200
.1.21
.381
.066
.277
.171
.417
.330
.071
.090
.137
.252
.160
.212
.040
.090
09 0
.090
.080
.100
TRANSMISSION
	 /kT	 .490 (single path)
Input Bearing
Sun Gear & Roller
lst Planet Gear & Roller
2nd Planet Gear & Roller
2nd Planet Bearings
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TAN -nei i ncr	 1 sn
-,
}T
1y
f(
i
I
i ^r
I
/^°\
O ^
;re
i^
I^
H
p 00
r.E
I
co
II
'
^	 II
V1
^
2
O3
H
O
_
^ W
1 O
N
^H Ln
M
00 H
O
-
C 7 H W cYj ON p H
i
a a it` w
o P4x ^ ^ a
1
00
coo
EiH Ch
x
8-5
r=, _ -
Failure modes for the rotary actuator are listed in Figure 8.4
with corrective action and comments. Note that the most likely
type of failure for the case of single point failures is a
degradation rather than a failure resulting in loss of control.
When degradation occurs, breakaway and running friction in-
crease and wear-out will eventually be the result. However,
when degradation, does occur, limiting maximum output torque
will prolong life sufficiently.
i
i
1
n
1
FIGURE 8.4
FAILURE MODES
TYPE OF
FAILURE MODE	 FAILURE	 CORRECTIVE ACTION
ELECTRONICS
No Output	 L	 Switch to Stand-by
Saturation
	 L	 Switch to Standby
MOTOR
4	 Shorted	 ,lind.ng .L Use Winding
Open Circuit L Use Winding
Mechanic I Failure in Rotor x)
SENSOR
Hall Element - open Circuit
	 L	 S : tc &A.t^ Stand-byy
Gear Failure	 D
TRANSMISSION
input Bearing
	
D	 s'^
S un Gear	 D
lst p lanet	 D
2nd Planet	 D
2nd, Planet Bearings 	 D
EVALUATION
I.
The tests performed on the high torque CMG rotary actuator
have the following objectives;
j •	 To determine operation of the basic elements of the
i
f actuator such as the motor and electronics.
f
F
r	 To evaluate the performance of the motor, electronics,
transmission, and actuator as a system.
•	 To demonstrate compliance with the requirements of GSPC
specitcatin 5- 720-P-2A,
•	 To determine areas of improvement in the development of
high-perf_czmance drive units ;
Preliminary tests of the motor and electronics included;
• Inertia of motor rotor
9 Motor resistance
Hipot and insulation resistance
• Motor inductance
s Gain and linearity of electronics
• Sensor gain and characteristics
9-1
x
,
b I.
Rotor inertia
The rotor inertia was measured by the period of a calibrated
spring--muss system. The rotor was suspended at its center by
a calibrated torsion rod. The calibration was made with a known
inertia of approximately the same weight as the rotor, For this
arrangement:
2
I	 -- WTTEST— IROTOR r .jWROTOR TEST
TEST .00427 ft-lb-sec 2 (.00580 kgm2)
WTEST = 2.86 radfsec
WROTOR 2.44 rad/sec
Then IROTOR = .00587 ft-lb-sec t (.00795 kgm2)
Tu
wa's
1
1
1
l
Motor resistance
The motdr resistance as measured by a resistance bridge
PHASE A (RE D & BLUE)	 1.676 ohms at 250C
PHASE B - (BLACK & WHITE) 1678 ohms at 25 0C
r Hi2ot and insulation resistance
r'	 The motor was'subjected to 500 volts winding to ground and
sa
200 volt .s between windings for 1 minute. Motor insulation re-
sistance after hipot was greater than 10 megohms.
9-2
Motor inductance
The motor inductance varies with the rotor position. Maximum
and minimum inductance was measured for each phase.
INDUCTANCE DI MILLTHENRIES
MINIMUM	 MA11MUM	 AVERAGE
PHASE A	 10.55	 12.25	 11.40
PHAS B	 10.60	 -?E	 .30	 11.45w
Gain and linearity ;?f electronics
The gain and linearity were vte., sured for each amplifier. Am-
plifa,er Al has blue and grey input leads and blue and red output
'	 dleads. Amplifier A2 has yellow and grey input leads and black an
white output leads. The gain is from Hall element output (sensor
output) to motor current. Amplifier Al drives motor phase A and
amplifier A2 drives motor phase B. Figures 9.1 and 9.2 are lin-
earity curves for both amplifiers. Gains :Are 254.8 amps/volt and
256.1 amps/volt for Al and A2 , i•:pectively. Linearity as percent
7
{
"	 of point is given in Figure 9.3. The error in percent of point is	 l
less than 1.5% with at least .5% of this error die to instrxmenta-
1i
tion and reading.-
Sensor  ga° n
The sensor is a two-pole alnico VI rotor and iron return path
with two Hall elements inserted `in this sir gAp at::r 900 spacnJ9.	
1
' 	
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The sensor gain was set for 8 volts input and 65 millivolts zero
to peak output of the Hall elements. The Hall output as a
function of sensor rotation is shown in Figure 9.4. Phase I
sensor has Hall current of 20 ma and phase 2 sensor current is
19.8 ma.
To determine the harmonic content of the sensor, data of
sensor position versus Hall voltage output was taken on both
phase 1 and 2 at 4-degree intervals. This data is plotted in
Figure 9.5.
The 'harmonic analysis showed the following values;
i
C
Percent of
Harmonic Fundamental
2itd . 7 0
3rd 1.45
4th .20
5th .16
"6th .39
7th .57
8th .28
9th .20
In comparison with similar sensors, this is one of the better
ones. Figure 9.5 does show a small discontinuity at one pole
which is not evident by inspection
'-WA V"
FIGURE 9.4
SENSOR OUTPUT
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PHASE 1
R1 343 OHMS
ANGLE
PHASE 2
R2 = 348 OHMS
HALL DEVICE OUTPUT
INPUT;	 8.0 VDC
GRADIENT, 5.OMV/DIV
TIME BASE 125 MM/SEC
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Motor tests
A series of tests were performed on the motor prior to
assembly of the actuator unit. A majority of the t;asts required
a dynamometer setup. Initial teats not requiring this setup
are covered first.
Breakaway torque
r
The breakawa y torque was measured by two methods.	 First,
a torque was applied to the motor shaft until the shaft would
start and continue to rotate.	 This was done by wrapping several
turns of thread nround the shaft and adding weights.	 With a
•	 1r --
	
-	 tart	 a lradius aim of R 625	 a 4 ounce weight would not s 	 rot t on,
a 4k-ounce weight would start motor rotation but would stop at
one point, and a 5 "ounce weight would cause the motor to start
it and continue to rotate.	 Thus the breakaway torque was-essentially
.625) (4.75) == 2.9 69 in. -oz = .01546 ft-lbs 	 ( .02095 Nm) .
In the second approach an input voltage was applied until
breakaway occurred.
DIRECTION INPUT TORQUE
OF ROTATION VOLTAGE FT-LBS
CW +.012 .0338
CCW -.007 .0198
AVERAGE TORE TE - . 02 68, FT-LBS (.0364 Nm )
iThus the first method yields .1% of rated torque and the
second method gave .174% of rated torqua. Bath figures include
the friction of two motor bearings and the sensor which was
measured as .00248 ft-lbs (,00336 Nm). Thus the motor breakaway
is well below the total required (1% for actuator).
No-load speed
The no-load speed is a function of the excitation voltage
and the back EMF constant. Are input signal voltage was applied
and motor speed was measured;
INPUT	 MOTOR SPEED
VOLTAGE	 RPM
.05
	 120
.08
	 142
.15
	 142
.50	 142 -
Excitation volta a was 28 volts on electronics.
	 The a	 roxi-8	 pp „
t
mate back EW constant is then
i
r
t
('0)(")-
- 
2.02 volts/RCS
	(see later data)142(2v ) n
overall electrical time constant a	 ^"
The electrical time constant (input signal to motor current)
was measured by switching a small input voltage on and measuring
the rise time of the motor  cu
	 'rrent in one of the motor phases..
IF-
9-12.
For the test the rotor was positioned to peak the current in
the prase to be measured. The total time from "switch -on" to
63% of final value is .0017 second. The time delay between
"switch-on" and the start of motor current is .0003 second,
Thus the actual time constant is .0014 second. Even with the
time delay, the rise time should be satisfactory. Figure 9.6
shows the switching and motor current rise time.
Linearity at stall
The motor shaft was locked at the maximum torque angle for
each phase. Voltage was applied through a power supply and torque
was measured by a Da.ytronic strain gage torque transducer. The
motor test setup is shown in Figure 9.7. Figure 9.8 summarizes
The data. Thl- e current- torque curve is plutted in Figure 9.9	 ^^
and the linearity error in Figure 9.10. The torque constant
is KT	1.611 f t,. lb s / amp ( 2.1$, Nm / amp) .
i
B ack ENS' constant
The back EMF constant was measured by rotating the motor
shaft at a known speed and recording the zero to peak voltage
of the two windings. For these tests, a irotor speed near rated%,
was used.
._

,,I
FIGURE 9.8
LINEARITY AT STALL
ERROR % OF POINT`
MOTOR TORQUE IN FT-LBS T
FROM TCALC .
CURRENT PHASE PHASE CALL. PHASE PHASE
IN
-
'S A B FT BS A B
0.5 0.8007 0,8061 0.8055 -0.60 +0.07
1.0 1.572 1.594 1.6.1: -2.43 -1.06
2.0 3.276 3.266 3.222 +1.66 -1.36
3.0 4.857 4.793 4,833 +0.49 -0.83
4.0 6.488 6.460 6.444 +0.68 +0.24
i
5.0 8.061 8,023
 g.055 +0.07 -0.40
6.0 9.650 9.606 9.666 -0.17 -0.63
7.0 1.1.24 11.22 11.277 -0.33 -0.51
8.0 12.79 12.71 12°888 -0.75 -1.39
8.8 13.97 13.96 14.177 -1.49 -1.54
TCALC. - KTI	 where KT = 1.611 ft-lbs/amp (2.18 Nm/amp) is
selected from plot of Figure	 9.9
x
i
i
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1A
I;1
OUTPUT	 KV
PHASE
	
SPEED	 VOLTAGE (P-P) VOLTS /RCS
A	 2.896 R/S
	
12.55
	
2.175
B	 2.896 R/S 	12.65	 2.188
KV = 2.181 volts/R/S Average
The back EMF and torque constant KT are related by a factor
of 1.3556.
_
.181 _
KT (CALCULATE) = 1.
2181	
1.609 ft-lbs/amp
(2.18 Nm/amp)
This checks very closely the value determined in the stalled
torque linearity test.
Mfo tor ripple torque
Ripple torque was measured by coupling a torque transducer
to the motor and an inertia wheel to the tranducer:, A friction
brake was used to load the inertia wheel. This method was
found to provide a minimum of ripple caused by loading. A
summary of ripple torque at different load conditions is shown
in Figure 9.11. The first harmonic is the principal source
of ripple up to 10 ft-lbs, while some fourth harmonic appears at
10 ft-lbs and ;'becomes the predominant source of ripple at rated torque.
0
Figure 9.12 shows the ripple torque recording for one
revolution o^^ the motor.
^^	
`^^^:.
^:
1-4
1ST HARMONIC	 1ST HARMONIC
5 FT-LBS NOMINAL	 8 FT-LBS NOMINAL
GRADIENT:	 100 MV/DIV.
TIME BASE:	 25 MM/SEC
OUTPUT TORQUE: 2 POUND FEET/VOLT
(2.71 Nm/volt)
1ST HARMONIC	 4TH HARMONIC
10 FT-LBS NOMINAL	 14 FT-LBS NOMINAL
GRADIENT:	 200 MV/DIV.
TIME BASE:	 25 MM/SEC
OUTPUT TORQUE: 2 POUND FEET/VOLT
(2.71 Nm/volt)
MTOR RIPPLE TORQUE
FIGURE 9.12
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Overall linearity
The output torque of the motor was measured at both s ta ll
and at full speed as a function of input signal to the electronics.
Torque was measured by a Daytronic strain gage torque transducer.
For stall test the rotor was locked,and input voltage was
varied up to a voltage corresponding to rated torque. Refer to
Figure 9.7 for test setup. The stall torque curve is shown in
Figure 9.13. Data points were taken with a duty cycle similar
to that indicated in the contract. Linearity as percent of point
is given in Figure 9.14.
The torque test at rated speed was performed by using an
induction motor and gear reducer to run the Motor at speed.
This motor also provided the motor load. Refer to Figure 9.15.
P ^	
s
The test setu o prated the motor at 27 8 RPM sli htl above theP	 P g_	 y
rated speed of 26 RPM. 	 DataP taken this speedP is	 dotted inP
Figure 9.16,and linearity as percent of point is given in
Figure- 9.14.
Power
The motor power consists of the
I2 
R losses i n the stator
and the rotor power -1.355TW (T = torque in ft-lbs delivered
at speed w in radians/sec).
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Motor power and total power which, includes the electronics
are tabulated in Figure 9.17.
	
The 12R 'losses represent motor
power at stall
f
conditions.	 Heating in, the motor and to some
j
extent In the electronics results in higher losses at rated load
and makes it necessary to :.increase supply voltage for continuous
operation at peak power.	 However, the light duty cycle of the
drive unit will not cause heating problems which oc^, , ►.	 in test.
FIGURE 9.17
POWER AT RATED SPEED
28 VDC SUPPLY
2MOTOR MOTOR POWER TOTAL POWER
'TORQUE 1 2R LOSSES AT 25 0C FROM SUPPLY
FT-LBS AT 250C WATTS WATTS
0.0 0.0 0.0 2.805 11.2
1.0 0.65 4.7 18.2
2.0 30.8
3.0 44.2
`	 4.0 10.4 26.8 58.8
5.0 74.1
6.0 97,7
7.0 115.7
8.0 41.5 74.3 146.010.0 64.5 105.5 202.2
12.0 93.5 142.7 276.7
13.0 109.0 162.4 328.8
15. 38
^f
153.0 216.0 48602
Friction of actuator
The breakaway friction was measured in both CCW and CW
direction by increasing the signal voltage to cause the actuator
to rotate. This varied from .021 volts to .130 volts (.41% to
2 o53%).
The input required to maintain speed under all conditions
was .055 volts (1,07%) CCW and .074 volts (1.44%) CW.
The torque to backdrive varied from 2 to 9.25 ft-lbs
(2.72 to 12.5 Nm).
Since the motor friction was measured as .1% to .174%, the
major source of friction is the transmission. There are two
possible reasons -- first., the low backlash increases breakaway
at a few points; and second, Ule transmission must be mounted
in the gimbal where an accurate ring gear axial location may be
maintained.
Stiffness, backlash, mechanical hysteresis
The above quantities were measured at theAnput (motor)
end^and estimates of output Values were made based on past
experience. The clamping test fixture was supplied by Goddard
Space Flight Center.
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FIGURE
9.19
9.20
9.21
9.22
9.23
9.24
LOAD RANGE
RATED LOAD
RATED LOAD
2 RATED LOAD
RATED LOAD
RATED LOAD
1/10  RATED LOAD
The test fixture consisted of a heavy disk which clamped
the output axis by rigidly coupling the actuator output and
housing at the mounting surfaces. Therefore, all compliance
elements including mounting screws and dowels were stressed at
full torque. The transmission was loaded at the motor rotor by
a horizontal balanced arm fixed to the rotor and having a lk-foot
radial length. The arm was loaded by a 10--pound spring scale
with a conical pivot which applied a force perpendicular to
the arm at prick punch marks at the 1k-foot or %-foot radius.
The spring scale force was adjusted by a rack and pinion drive.
Refer to Figure 9.18.
The torque. -deflection cycle was repeated until a consist-
t	 gilt iiyo t'ir °o io .00p \ "01 okâ ta lied . LJA.	 : be Ck .as 'i, h`^ls to . C1 CP
and stiffness appear in the loop, it was necessary to take suf-
fi.,cient data to separate these terms.
The following hysteresis loops are included;
Oul"PUT	 VARIABLES
POSITION	 MEASURED
	
Oo 	MECHANICAL HYS. AND
	
1800 	BACKLASH OF GEARS
	
0°	 1
	
1800
	
	
1800 	MECH. HYS. OF GEARS
M7D ROLLERS
	1800	 STIFFNESS OF GEAR'S
1.	 Torque arm attached to motor rotor (input shaft).
2_.	 Housing and output gear locked together, solidly mounted to 	 x
a horizontal surface.
3. Dial indicator solidly mounted to housing, measuring angular
displacement of rotor under load.
4. Spring Loading device on rack and pinion drive. f
r
ROTARY ACTUATOR TEST'S
BACKLASH AND STIFFNESS
FIGURE 9--.18-	 t1
i
l
li
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The hysteresis loop at full load, Figures 9.19 and 9.20,
shows no evidence of backlash. The total hysteresis is 0.0216
inch and 0.022 inch at the motor end measured at a 3-inch radial
distance. This is 0.955 and 0.974 mina of arc, at the output.
The hysteresis loop at '-, rated load also is mechanical
hysteresis with no backlash. See Figures 9.21 and 9.22. Total
hysteresis is 0.0061 inch and 0.0064 inch for the two output
shaft positions. This is 0.270 and 0.283 min. of arc. at the
output.
At k full load, Figure 9.23, the hysteresis is reduced -to
0.0011 inch or 0.0486 min, of arc, at the output.
Stiffness was measured at 1/10 full load where both gears
and rollers are operating, and at high load k to full load where
only the gears are transmitting full torque. At 10`/0 load,
'	 Figure 9.24, 'the stiffness is 1065 ft-lbs per radian (1445 Nm/rad)
at LHe input. At	 to fu11 load the st'J,ffness is 1093 ft-lbs
per radian (1482 Nm/rad) at the input. Refer to Figure 9.25.
A summary of , test data appears in Figure 9.26.
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FIGURE 9.25
HYSTERESIS LOOP
TO RTT7.T, RATM TX)An
MFIGURE 9.26
	
a
STIFFNESS, HYSTERESIS AND BACKLASH
(measured at input but reflected to output by gear ratio)
j
Roller Stiffness
Gear Stiffness
Hysteresis and Backlash
at full load
at k full load
719,000 f t;- lbs /rad
(975,000 Nm/rad)
739,000 f t- lbs /rad
(1,002,000 Nm/rad)
.964 arc. min.
2.9 arc. sec.
Prior work has shown that the measured input quantities
cannot always be directly related to the output. Additional
tests were performed to substantiate the values obtained. Since
torque levels are 26 times higher and deflections similarly lower,
these tests were more critical to perform.
The output axis test fixture consists of a heavy ring and
base for mounting the actuator at the housing flange. Refer
to Figure 9.27. An eight-foot arm is fastened at its center '
 to
a circular plate bolted to the output ring gear. The motor rotor
'	 1	 d b	 f'	 h' h	 1	 h	 f h^s c amp= y a ixture w is rep aces t o cover o t e actuator.
	 -
This clamping is accomplished by the insertion of eight pins
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HYSTERESIS LOOP
1/10 RATED LOAD
ROTOR PINNED TO SHAFT
cemented. to the motor rotor surface. The load on. each pin does
not exceed 6 pounds. An Indiac indicator is fastened to the
mounting flange and measures the deflection between it and the
output. For greater accuracy, the deflection was read on a
digital voltmeter. A maximum force of 100 pounds at a 4-foot
radius was applied to the output by a spring scale.
The torque versus deflection cycle was repeated to give
a. consistent hysteresis loop. The following hysteresis loops
are included
FIGURE	 LOAD RANGE
9.28	 RATED LOAD
{a
Y
I	
^4	 1I
	9.29	 k TO RATED LOAD
	
9.30	 14- RATED LOAD
	
9.31	 1/10 RATED LOAD
This data was taken after the motor rotor was pinned to
the shaft to eliminate motion of 0.66 are minutes (at the
output) detected between rotor and shaft. Figure 9.32 sum-
marizes results. The stiffness values check closely with those
of Figure 9.26. However, the hysteresis and backlash values
are 1.36 and 1.64 times the measured input values at full load
and at k load, respectively.
1
1
1
^-	 w
FIGURE 9.32
STIFFNESS, HYSTERESIS AND BACKLASH
(measured at output)
Roller Stiffness
Gear Stiffness
Hysteresis And Backlash
at full load
at k full load
683,000 ft-lbs/rad
(925,000 Nm/rad)
742,000 ft-lbs/rad
(1,006,000 Nm/rad)
1.79 arc, min.
4.74 arc. sec.
By comparison of Figures 9.19, 9.20, and 9.28, there is
yielding which occurs at approximately 60% load in the output
test data which is not evident on the input test data. Presently
there is no .indication as to which set of data is more accurate.
It is evident, however, that:
• The actual stiffness of the actuator will be higher
and the backlash and hysteresis will be lower as a
result of test inaccuracies.
• The test inaccuracies are greater in the output axis
measurements.
• It is probable that test inaccuracies are below 15-20%.
